Endosperm is a filial structure resulting from a second fertilization event in angiosperms. As an absorptive storage organ, endosperm plays an essential role in support of embryo development and seedling germination. The accumulation of carbohydrate and protein storage products in cereal endosperm provides humanity with a major portion of its food, feed, and renewable resources. Little is known regarding the regulatory gene networks controlling endosperm proliferation and differentiation. As a first step toward understanding these networks, we profiled all mRNAs in the maize kernel and endosperm at eight successive stages during the first 12 d after pollination. Analysis of these gene sets identified temporal programs of gene expression, including hundreds of transcriptionfactor genes. We found a close correlation of the sequentially expressed gene sets with distinct cellular and metabolic programs in distinct compartments of the developing endosperm. The results constitute a preliminary atlas of spatiotemporal patterns of endosperm gene expression in support of future efforts for understanding the underlying mechanisms that control seed yield and quality.
Endosperm is a filial structure resulting from a second fertilization event in angiosperms. As an absorptive storage organ, endosperm plays an essential role in support of embryo development and seedling germination. The accumulation of carbohydrate and protein storage products in cereal endosperm provides humanity with a major portion of its food, feed, and renewable resources. Little is known regarding the regulatory gene networks controlling endosperm proliferation and differentiation. As a first step toward understanding these networks, we profiled all mRNAs in the maize kernel and endosperm at eight successive stages during the first 12 d after pollination. Analysis of these gene sets identified temporal programs of gene expression, including hundreds of transcriptionfactor genes. We found a close correlation of the sequentially expressed gene sets with distinct cellular and metabolic programs in distinct compartments of the developing endosperm. The results constitute a preliminary atlas of spatiotemporal patterns of endosperm gene expression in support of future efforts for understanding the underlying mechanisms that control seed yield and quality.
mRNA localization | time series E ndosperm is a biologically and economically important storage tissue within the angiosperm seed that provides nutrients and signals to the embryo during seed development. In cereal grains such as maize, endosperm comprises a large proportion of the mature seed and contains large amounts of carbohydrates and proteins that are metabolized during germination to provide nutrients for the developing seedling. These carbohydrates and proteins are also an important source of food for humankind. Approximately 50% of human calories are derived from cereal endosperm, either directly or indirectly, through animal feed. Cereal endosperm is also used as a raw material for numerous industrial products, including ethanol (1) (2) (3) (4) .
Maize endosperm development is initiated following double fertilization of the female gametophyte's haploid egg cell and diploid central cell, which gives rise to the seed's diploid embryo and triploid endosperm, respectively (2, 3) . During 0-3 days after pollination (DAP), endosperm nuclei undergo mitosis without cytokinesis, producing a multinucleate cell, a coenocyte. At the end of this phase, the endosperm consists of 256-512 nuclei that surround a large central vacuole (1) (2) (3) (4) . At 3-4 DAP, the endosperm cellularizes and undergoes an intense period of cell division that lasts until 8-12 DAP in the central region (early mitotic phase), but continues until ∼20-25 DAP in the outer two cell layers that will become the aleurone and the subaleurone (3) (4) (5) .
During 4-6 DAP, the endosperm differentiates into four major cell types: the starchy endosperm (SE), the basal endosperm transfer layer (BETL), the aleurone (AL), and the embryosurrounding region (ESR) (3) . The SE is the cell type that accumulates starch and proteins. AL cells are activated during germination and produce hydrolases that degrade the starch and proteins in SE cells. The BETL transports nutrients from the maternal tissue to the endosperm. ESR function is unclear, but this cell type appears to be involved in signaling to and/or in pathogenic defense of the developing embryo (3) .
Over the past several decades, much progress has been made in understanding the physiological processes occurring during maize endosperm maturation (e.g., storage product synthesis and accumulation), which initiates at ∼10 DAP. By contrast, far less research has been devoted to understanding early endosperm development (0-10 DAP). Key developmental processes occur during this period, including coenocytic development, cellularization, cellular differentiation, and the early mitotic phase. These phases are important steps in endosperm development in cereals and most other species, and understanding these processes is central to explaining endosperm structure and function.
Comprehension of the regulation of early endosperm development will ultimately require a full understanding of the gene networks operating during this time. To this end, we have used next-generation sequencing technology to profile all of the
Significance
In flowering plants, double fertilization gives rise to an embryo and the endosperm, an absorptive storage structure that supports embryogenesis and seedling germination. In cereal grains, endosperm comprises a large proportion of the mature seed, contains large amounts of carbohydrates and proteins, and is an important source of food, feed, and industrial raw materials. This study provides a comprehensive profile of the genes expressed in the early developing endosperm in maize. We also show how a series of temporal programs of gene expression correlate with progressive functional and cellular specializations. Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE54131). genes expressed during early development in maize kernels and hand-dissected endosperm. As a first step toward gene network analysis, we subdivided these sequences into clusters of coexpressed genes based on temporal expression patterns. The major temporal programs identified were correlated with specific spatial programs of expression in one or more compartments or tissue types of the developing endosperm. Many of these spatiotemporal programs of gene expression correlate with expression of 399 transcription-factor genes expressed during early maize kernel and endosperm development identified in our assays. The results provide a preliminary atlas of temporal and spatial gene expression patterns to begin to decipher gene networks active in endosperm development and ultimately provide fundamental insight into the underlying mechanisms that determine seed yield and quality.
Results

Transcriptome Sequencing of Early Stages of Kernel and Endosperm
Development. To obtain a global transcriptomic map of early kernel and endosperm development in maize, we selected five stages of whole kernels (0, 2, 3, 4, and 6 DAP) and three stages of isolated endosperm (8, 10 , and 12 DAP) of the B73 inbred line (Fig. S1 ) for RNA-Seq analysis.
Using a SOLiD sequencing platform, between ∼40 and ∼90 million 50-nt reads were generated for each RNA sample (Fig.  S2A ). Read quality was examined by FastQC software (www. bioinformatics.babraham.ac.uk/projects/fastqc/), and, on average, ∼5.9% of low-quality reads for each sample were removed before mapping. The retained high-quality reads were mapped to the reference B73 genome (release 5b.60) by Bowtie (6); between ∼30.9% and 49.7% of the reads from each sample mapped to the genome with no more than five aligned positions, among which ∼31% of the RNA-Seq reads mapped to a unique position in the genome (Fig. S2B ). Visualization of reads for known genes expressed in the kernel or endosperm confirmed RNA quality (Fig. S2C) . Therefore, our RNA-Seq data appear to represent the complexity of gene expression programs within the early developing kernel and endosperm.
Early Maize Kernel and Endosperm Transcriptomes Are Complex and
Overlapping. Using TopHat (7), we initially determined mRNA abundance based on the 110,028 and 39,656 gene models annotated in the working gene set (WGS) and the filtered gene set (FGS), respectively, of the maize B73 genome (Fig. 1A) . Because genes in the FGS were further filtered from the WGS using in silico-based characteristics (to exclude pseudogenes, transposable elements, and partial genes), the WGS likely contains bona fide genes that were not included in the FGS. Therefore, we determined the distribution of read counts from genes in the two sets and found that the FGS genes produce, on average, ∼2,000 reads, whereas only a small number of genes (8, 701) in the WGS were associated with reads higher than 100 (Fig. 1A) . In order not to overlook any bona fide non-FGS genes in our analysis, we added the additional 8,701 expressed WGS genes with read counts greater than 100 to the 39,656 genes in the FGS to produce a combined gene set of 48,357 genes that was used for normalization by applying edgeR (Fig. S3) (8) .
Using quantitative RT-PCR (qRT-PCR) analysis of a group of candidate genes, we established 20 reads as a cutoff to determine the number of expressed genes across the eight developmental samples (SI Materials and Methods). By this criterion, 29,124 genes, on average, were classified as expressed in the five kernel developmental stages, and 27,050 genes were classified as expressed in the three endosperm developmental stages (Fig.  1B) . We detected a small fraction of transcripts derived from transposable elements (TEs) annotated in release 5b.60, with an average of 3,392 expressed TEs in kernel samples and an average of 3,891 expressed TEs in the three endosperm samples (Fig.  1B) . This observation is consistent with previous reports showing the endosperm genome is hypomethylated and that many TEencoding loci are transcriptionally active (9, 10) .
We found that 46,274 genes were expressed in at least one sample (Dataset S1). Of these, 30,858 genes (66.7%) produced mRNAs detected in all samples (Fig. 1C ), whereas 15,416 genes (33.3%) were expressed only during specific stages of endosperm/kernel development analyzed in this study. Among the nine investigated stages, the unpollinated kernel (0 DAP) contained the smallest number of mRNAs (616) specifically detected in this stage, whereas 3,563 and 4,173 mRNAs were detected only in the developing kernel and endosperm samples, respectively (Fig. 1C) . Our data indicate that the early developing kernel and endosperm express a highly complex transcriptome.
Identification of Temporally Up-and Down-Regulated Genes in Early
Kernel and Endosperm Development. We used StepMiner analysis (11) to characterize the temporal expression patterns of endosperm/kernel-expressed genes. This algorithm is relatively more robust compared with other tools in identifying one-step transitions from a time course with limited data points (11) . This analysis identified 7,629 genes (Dataset S2, Table S1 ) with one or two transition points in expression during the 0-12 DAP window ( Fig. 2 A and B and Fig. S4A ).
StepMiner analysis identified four general temporal geneexpression patterns that we refer to as one-step-up or one-stepdown (mRNA level transitions from low to high or high to low, respectively, in two consecutive developmental stages) and twostep-up-down or two-step-down-up (mRNA level transitions from low to high and back down or from high to low and back up, respectively, in a series of developmental stages). The majority of the identified genes [93.2%, including 97.2% of transcription factor (TF) genes] showed a single transition point; of these, 38.4% exhibited the one-step-up pattern, whereas 54.8% showed the one-step-down pattern. By contrast, only 6.8% of genes exhibited two transition points (two-step-up-down and two-stepdown-up genes) ( Fig. 2A) .
We further classified the genes based on the time point during which the major expression transition occurs (Fig. 2B) . For example, "up-at-6 DAP" genes showed lower expression at 0-4 DAP and higher expression during 6-12 DAP, and "up-at-8 DAP" genes showed lower expression at 0-6 DAP and higher expression during 8-12 DAP. With genes showing a single transition point (i.e., one-step-up and one-step-down genes), the transition in expression level occurred more frequently at 6-12 DAP compared with earlier time points, indicating a dramatic reprogramming of the kernel transcriptome occurs after 4 DAP (Fig. 2B) .
Endosperm cell differentiation occurs during 4-6 DAP (12-14), suggesting that genes in the up-at-4-DAP and up-at-6-DAP groups may be associated with development of the AL, BETL, ESR, and SE. Accordingly, the up-at-4-DAP and up-at-6-DAP groups contain a number of previously described genes that are expressed in specific endosperm cell types, including 14 BETL-expressed genes [MRP-1 and 13 genes encoding maternally expressed genes (MEGs), BETLs, and basal layer antifungal peptides (BAPs)] (15-18) and two ESR-expressed genes (ESR1 and ESR2) (19, 20) . Storage protein and carbohydrate accumulation in the SE begins during 8-12 DAP (21, 22) . Consistent with this, genes up-regulated at 8 DAP include those previously shown to be involved in storage protein synthesis in the SE, including the transcription-factor genes Opaque-2/ ZmbZIP1 and Prolamin-box Binding Factor (PBF)/ZmDOF3 (23, 24) and multiple genes encoding storage proteins including 11 α-, three γ-, one β-, and one δ-zein (25-28). These results indicated that our data set provides sufficient temporal resolution to distinguish genes that function at different stages of maize endosperm development.
A stringent Gene Ontology (GO) term enrichment analysis (29) of these unique expression patterns identified key biological processes showing significant enrichment at three developmental stages. These included defense response and translation processes among genes up-regulated at 6 DAP, amino acid biosynthesis and translation among genes up-regulated at 8 DAP, and carbohydrate biosynthesis and energy reserve metabolic processes among genes up-regulated at 10 DAP (Fig. S4B and Dataset S3). These data indicate that gene expression programs in early developing kernel and endosperm change dramatically starting at 6 DAP in preparation for the onset of storage protein and starch production.
Identification of Temporally Up-Regulated Transcription-Factor Genes
During Early Endosperm Development. To begin to understand the nature of the regulatory processes during early kernel and endosperm development, we focused on TF genes exhibiting a onestep-up pattern (Fig. 2B and Fig. S4 ). We selected this group because they are definitively expressed in the endosperm based on their relatively high expression levels in one or more endosperm stages (8-12 DAP). Furthermore, genes associated with specific developmental processes (e.g., cell differentiation) would be expected to be activated at specific time points during the developmental progression.
Collectively, 100 TF genes fell into the one-step-up groups ( Fig. 2B ; Dataset S2, Tables S1 and S2). Of these, most were in the up-at-6-DAP (39%) and up-at-8-DAP (35%) groups ( Fig. 2B ; Dataset S2, Table S2 ). These results suggest that the specific patterns of gene expression detected during early kernel development are associated with TF gene up-regulation.
To confirm the dynamics of TF gene up-regulation within developing endosperm, we performed qRT-PCR analysis of 13 TF genes ( Fig. 3 ; Dataset S4, Table S1 ). For these experiments, we also assayed mRNA levels in endosperm isolated from 4-and 6-DAP kernels and from 6-DAP kernels with the endosperm removed. With all 13 genes, the qRT-PCR patterns matched the RNA-Seq patterns. Moreover, these genes showed high specificity of expression in the endosperm (Fig. 3A) . The qRT-PCR results suggest that most, if not all, of the TF genes exhibit the temporal patterns identified by StepMiner analysis. Clustering of the qRT-PCR data identified two temporal programs: one gene set up-regulated in 4-DAP endosperm and subsequently downregulated (7 genes) and a second set exhibiting delayed upregulation starting in 6-or 8-DAP endosperm and maintaining a persistently high level of mRNA through 12 DAP (Fig. 3B) . This suggested a finely controlled temporal program of TF gene expression that may underlie key developmental programs during 4-8 DAP. In fact, the MRP-1 TF gene involved in regulation of BETL differentiation (15) clustered with the former set, whereas Opaque-2, which is known to control storageprotein gene expression in the SE, clustered in the latter set (Fig. 3B) . Together, the RNA-Seq analysis of temporal stages of kernel and endosperm development helped identify coexpressed gene sets with associated up-regulated TF genes that could represent regulatory nodes for spatiotemporal control of endosperm development.
Correlation of Temporal and Spatial Programs of Gene Expression in
Early Kernel and Endosperm. To further validate endosperm expression, we performed in situ localization studies with 23 genes, including 6 TF genes (ZmGRAS20, ZmMYBR29, ZmMYBR127, ZmNAC128, ZmNAC130, and ZmPLATZ12). All of the selected genes showed a distinct mRNA localization pattern. Most were expressed in the endosperm in just one (14 genes) or two (7 genes) cell types (Figs. 4 and 5 and Fig. S5) . Most of these genes were expressed in the previously described endosperm cell types (i.e., AL, BETL, ESR, and SE) including the conducting zone (CZ), a region of elongated cells overlying the basal cells, which presumably act as a conducting tissue for the developing endosperm (30) (31) (32) . However, one gene (GRMZM2G406170) was expressed specifically in an endosperm cell type not previously described (Figs. 4C and 5 ). This cell type lies between the BETL and the CZ, and we refer to it as the basal-intermediate zone (BIZ). Nine additional genes showed expression in the BIZ, in combination with other cell types, particularly the BETL (Fig. 4  D and K; Fig. 5; Fig. S5) .
Overall, the genes analyzed exhibited 10 different expression patterns: SE-specific (four genes); ESR-specific (four genes); BETL-specific (three genes); AL-specific (one gene); BIZ-specific (one gene); CZ-specific (one gene); BETL and BIZ (6 genes); SE and CZ (one gene); BETL, BIZ, and ESR (one gene); and BETL, BIZ, CZ, and ESR (one gene) (Fig. 5 and Fig.  S5 ). The two genes in the up-at-4-DAP group were expressed in the ESR. All of the genes in the up-at-8-DAP group were expressed in the SE specifically (four genes) or the SE plus CZ (one gene) (Fig. 5 and Fig. S5 ). Therefore, our findings indicate that the specific temporal programs of gene expression identified from analysis of the RNA-Seq data correspond essentially to a series of spatial programs of gene expression occurring during the differentiation of endosperm cell types or compartments.
Discussion
We carried out a transcriptome analysis of early kernel and endosperm in maize. Related analyses of grain endosperm have been performed previously in wheat, rice, oat, and maize (33-37). However, unlike the prior studies, our analysis focused on early developmental processes, which impact important kernel agronomic traits, including seed size and grain weight (38) (39) (40) . In addition, our analysis used successive stages of development to determine the temporal expression pattern of each identified gene.
Our analysis has identified nearly 34,000 mRNAs (reads ≥20) in the 0-to 6-DAP period of kernel development and nearly an equivalent number of mRNAs (∼33,000, reads ≥20) in endosperm samples collected from kernels at 8-12 DAP (Fig. 1 and Dataset S1). These numbers suggest that the sequencing of kernel and endosperm RNA samples was sufficiently thorough to capture nearly all of the genes expressed in these seed structures. These numbers are similar to those in a recent profiling of maize organ and tissue mRNAs using RNA-Seq analysis (41) (Dataset S4, Table S3 ). Our measured number of expressed maize genes is significantly higher than the ∼9,000-14,000 mRNAs reported for early Arabidopsis seeds (42) . This is likely due to the differences in profiling platforms (GeneChip vs. RNA-Seq). We also detected >97.5% of the endosperm proteins at 8, 10, and 12 DAP (Dataset S4, Table S3 ) in a recent study of maize seed proteotypes (43) . However, this study found a poor correlation between protein and mRNA abundances for a large proportion of detectable proteins (43) . Therefore, it is expected that many kernel/endosperm-expressed genes are regulated by posttranscriptional regulatory mechanisms that may positively or negatively impact the relative levels of the encoded proteins.
The maize endosperm/kernel-expressed genes that we identified include 7,629 temporally regulated genes. The temporal patterns fall into four general groups (Fig. 2) , but the majority (93.2%) of genes show a one-step-up or one-step-down pattern. Furthermore, most of the one-step-up and one-step-down genes exhibit an expression transition at 6-12 DAP. These results suggest that a dramatic reprogramming of the kernel transcriptome occurs after 4 DAP (Fig. 2 A and B and Fig. S4) .
Several of the temporal patterns that we identified correlate with key developmental transitions associated with kernel and endosperm development (4) . The up-at-4-DAP and up-at-6-DAP gene sets likely play a role in differentiation of the AL, BETL, ESR, and SE as they include many previously described endosperm cell-specific genes including MRP-1 (15), as well as the ESRs (19), MEGs, BETLs, and BAPs (16) (17) (18) . Furthermore, our in situ hybridization analysis of 18 genes within these gene sets demonstrated that all were expressed in specific endosperm cell types (Figs. 4 and 5) .
The up-at-8-DAP and up-at-10-DAP gene sets correlate with the onset of storage product accumulation, suggesting that these gene sets play a role in preparation for deposition of storage protein and carbohydrate storage products, which occurs primarily in SE. Consistent with this, the up-at-8-DAP gene set is highly represented by genes associated with translation, amino acid metabolism, amine metabolism, etc., and that the up-at-10-DAP gene set is over-represented in genes associated with energy reserve and carbohydrate biosynthesis ( Fig. 2 and Dataset S3). Prior work indicates that zeins, the major storage proteins of maize endosperm, are synthesized between 10 and 45 DAP (21, 44) , and our analysis indicates up-regulation of zein genes at 8 DAP (Fig. S6 ). This program follows temporally the up-regulation of Opaque-2 (GRMZM2G015534), which falls within the up-at-6-DAP gene set (Dataset S2, Table S1 ; Fig. 3B ; Dataset S2, Table  S2 ). The PBF transcription-factor gene (GRMZM2G146283) was also identified among the up-at-8-DAP group. Opaque-2 activates the expression of 22-kDa α-zein genes (45) , and PBF binds the prolamin box in zein gene promoters and interacts with Opaque-2 (24) to presumably control activation of a more extended set of storage-function genes in the starchy endosperm. In support of this, we show a number of transcription-factor genes that are upregulated at 8 DAP and expressed in SE (Figs. 4 and 5; and Fig.  S5 ). Therefore, we find that as early as 6 DAP a cascade of generegulatory processes culminate in activation of the major storageprotein genes involved in seed germination.
This analysis makes a significant step toward identifying spatiotemporal programs of gene expression that operate during early endosperm development and regulate key developmental transitions, including the coenocytic-cellular transition, cell differentiation, and mitotic proliferation of the endosperm, which are essential to support postgerminative development. However, the nature of the relationships between the various structural genes and their regulatory factors remains to be determined. Understanding these interactions will require more detailed understanding of cell-specific patterns of gene expression for both the transcription factors and their gene targets. Efforts to identify spatial patterns of gene expression in endosperm are currently in progress, and together with the temporal programs described in this report, these data will help determine the full extent of the spatiotemporal programs of gene activity during endosperm development.
Materials and Methods
Profiling Kernel/Endosperm mRNAs and Determination of Temporal Expression Patterns. Detailed information about the collection of kernel and endosperm samples, RNA extraction and purification, and library construction, sequencing, quality control of RNA-Seq reads, alignment to the maize reference genome, data normalization, identification of up/down-regulated genes using StepMiner, and identification of enriched GO categories are provided in SI Materials and Methods.
Confirmation of Temporal Patterns and mRNA Localization Studies. Standard procedures for validation of the levels of specific mRNAs using qRT-PCR and localization of mRNA patterns using in situ hybridization are described in detail in SI Materials and Methods.
